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Abstrat
We disuss the present status of mirosopi models for RHIC, with an
emphasis on models being realized via the Monte Carlo tehnique. This
review is to a large extent based on the OSCAR3 workshop, where general
onepts and new trends in this eld have been disussed.
1 Introdution
Although very interesting data have been olleted during the SPS program of
heavy ion physis, no lear quantitative onlusions an be drawn onerning
the formation (or not) of a quark gluon plasma. A well established theory ex-
ists (QCD), however, tehnial diulties prevent a diret appliation of the
theory to understand data. Eetive theories have been proposed to overome
these diulties, as well as very simple qualitative models, whih might as best
be alled theory inspired. On the other hand, the so-alled event genera-
tors or Monte-Carlo odes have been introdued, whih by denition provide
randomly generated events, haraterized by a ertain number of partiles of
dierent types with given momenta. One aim of this paper is to disuss general
strategies how suh event generators should be onstruted in order to provide
useful tools to understand experimental data.
There is some eort to be done, but it is worth it, beause nally MC odes
are absolutely neessary to understand data. As an illustration, we plot in
g. 1 yields of dierent hadrons as a funtion of the hadron mass for dierent
reations: eletron-positron annihilation at 91 GeV, pp sattering at 17 GeV,
and AuAu sattering at 200 GeV. The urves are arbitrarily normalized. We
observe a very interesting and unexpeted result: all the spetra are roughly
exponential, and the spetra for heavy ion ollisions agree with the result for
∗
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Figure 1: Hadron yields as a funtion of the hadron mass for dierent reations:
eletron-positron annihilation at 91 GeV (open dots), pp sattering at 17 GeV
(open triangles), and AuAu sattering at 200 GeV(full triangles).
eletron-positron. Here, all the results are based on alulations, and so we
know that the dynamis of eletron-positron annihilation is ompletely dierent
to the one in heavy ion ollisions. So one annot draw any onlusion onerning
a plasma formation based on the fat that strange partiles and in partiular
(multi-) strange baryon prodution is enhaned, sine the same eet may be
due to a ompletely dierent mehanism (as in eletron-positron annihilation).
2 OSCAR Philosophy
Monte-Carlo simulations are often ritiized of not being well doumented, hav-
ing no lear physial basis, being onstantly modied, being not publily avail-
able, and so on, whih makes all evaluation of the quality of suh an approah
impossible. In order to improve the situation, OSCAR was founded a ouple
of years ago, whih is rst of all a series of workshops, hold every one or two
years, as well as working groups and a permanently updated WEB page
1
. In the
working groups, mainly tehnial issues have been disussed, like standards for
input/output, test for individual moduls, and so on. The rst two workshops
were held in Brookhaven in 97 and 99, organized by Y. Pang and M. Gyulassy,
the third one took plae in Nantes in 2000, organized by Y. Shutz and K.
Werner.
At the rst two workshop the general philosophy was still based on the fat
that MC models an hardly be dened by equations, they were mostly dened
in a algorithmi way, and therefore the only way to ontrol these odes is good
doumentation, denition of standards, aessibility, modular struture, all this
1
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in partiular to allow intensive testing of these odes.
Starting with the third workshop a new philosophy has been disussed, in
an attempt to make the event generators muh more transparent, and thus to
provide really useful tools for analyzing data. So the model should be simply
dened by equations, and the omputer ode should be just the tehnial means
to solve these equations, briey:
model = equations,
MC ode = solution of the equations.
It is lear that these equations building the basis of the MC ode will (prob-
ably) never be diretly derived from rst priniples, this is also not neessary.
One may onstrut some eetive theory whih may be simply inspired by the
true theory, but the next step, the MC implementation, has to rigorous. The
advantage is obvious: is is diult to have any meaningful disussion about
some ode where the physial basis is not well dened. When the ode however
is nothing but the numerial treatment of some very well dened (even if not
fundamental) eetive theory, one is at least able to have some physis disus-
sion, develop further promising developments, and eliminate those ones based
on wrong physial ideas. There was very little progress in this diretion during
the past years.
3 The Dierent Stages of Heavy Ions Collisions
Unfortunately there does not exist a single formalism being able to aount for a
omplete nuleus-nuleus ollision. Rather we have to  at least for the moment
 to divide the reation into dierent stages (see g. 2) and try to understand
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Figure 2: The dierent stages of heavy ion ollisions.
the dierent stages as good as possible.
There is rst of all the primary interation when the two nulei pass through
eah other. Sine at very high energies the longitudinal size is due the gamma
3
fator almost zero (of the order 0.1 fm at RHIC), all the nuleons of the projetile
interat with all the nuleons of the target instantaneously. In suh a primary
interation many partons are reated, whih interat (in the pre-equilibrium
stage) before reahing an equilibrium, referred to as quark-gluon plasma. The
system the expands, passing via phase transition (or sudden rossover) into
the hadron gas stage. The density dereases further till the ollision rate is
no longer large enough to maintain hemial equilibrium, but there are still
hadroni interations till nally the partiles freeze out, i.e. they ontinue their
way without further interations. Dierent theoretial approahes have been
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Figure 3: The dierent stages of heavy ion ollisions and the orresponding
range of validity of theoretial approahes.
proposed, whih are valid only for ertain stages of the ollision, as indiated
in g. 3. We will present the details in the following setions. This disussion
will ertainly be quite inomplete, with few exeptions we restrit ourselves to
topis having been disussed at OSCAR 3.
4 The primary interation
4.1 Longitudinal Exitation
Let us start the disussion with a approah whih is widely used today to sim-
ulate the primary interations, but whih is denitely wrong: the longitudinal
exitation. At low energy nuleon-nuleon sattering, a typial reation is the
exitation of nuleon resonanes via the exhange of a meson. So one might me
tempted to generalize this mehanism to high energies: two nuleons interat
via the exhange of something whih auses the two nuleons to be exited
to strings, the latter ones onsidered to be the high energy generalization of
exited nuleon states. However, suh an extrapolation from low to high en-
ergies is simply wrong, due to kinematial reasons. Let us onsider two-body
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Figure 4: Longitudinal exitation (whih is kinematially impossible).
kinematis: two inoming partiles with four-momenta p1 and p2 interat in an
non-speied way and produe two outgoing partiles with momenta p3 and p4.
The transferred momentum is dened to be q = p1 − p3. A short alulation
shows:
q2 = q2
⊥
+O(
1
s
),
where q⊥ is the transverse omponent of the transferred momentum, orthogo-
nal to p1 and p2. At high energies (s ≫ 1 GeV
2
), the transferred momentum
is onsequently purely transverse, there is no transfer of longitudinal momen-
tum. String exitation, on the other hand, requires a transfer of longitudinal
momentum in order to allow for string with non-zero mass.
All this has been known sine forty years, whih does not prevent people
from oming up with models based on this wrong idea, or using suh models in
trying to understand data.
4.2 Yang-Mills Equations
For very large nulei and orrespondingly high parton densities sreening will
be most eetive, and therefore soft physis an be ompletely aounted for
by assuming random olor soures moving along the light ones, the latter ones
generating hromoeletri elds alulable by solving the orresponding lassial
Yang-Mills equations [1℄.
This is an interesting theoretial idea, although it is not lear how to on-
strut an event generator based on suh an approah, so we do not want to
disuss any details here.
4.3 The Parton Model
The parton model approah to nuleon-nuleon sattering amounts to presenting
the partons of projetile and target by momentum distribution funtions, fi and
fj, and alulating inlusive ross setions for the prodution of parton jets as
a onvolution of these distribution funtions with the elementary parton-parton
ross setion dσˆij/dp
2
⊥
, where i, j represent parton avors.
This simple fatorization formula is the result of anelations of ompliated
diagrams (AGK anelations) and hides therefore the ompliated multiple sat-
tering struture of the reation, whih is nally reovered via eikonalization pro-
edure. The latter one makes the approah formally equivalent to the Gribov-
Regge one, to be disussed later. Generating events and partile prodution is
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not at all evident in this approah. The Pythia-method [2℄ amounts to generat-
ing the rst elementary interation aording to the inlusive dierential ross
setion, then taking the remaining energy for the seond one and so on. In this
way, the event generation will reprodue the theoretial inlusive spetrum for
hadron-hadron interation (by onstrution).
Conerning nuleus-nuleus ollisions, one usually assumes the proton-proton
ross setion for eah individual nuleon-nuleon pair of a AB system. Nulear
sreening eets may be taken into aount by using A-dependent parton dis-
tribution funtions, fAi and f
A
j , rather than the ones used for nuleon-nuleon
sattering (this is usually referred to as shadowing).
The HIJING model [3℄ is onstruted along these lines, with the additional
feature of onsidering the energy loss of partons due to nal state interations.
4.4 Gribov-Regge Theory
Gribov-Regge theory (GRT) has been developed well before QCD, but it is
even today more relevant than ever, with HERA giving the opportunity to
test and verify the dierent aspets of this approah. There is no strit deriva-
tion from rst priniples, one an just follow some QCD inspired arguments to
write down an expression for the elasti sattering amplitude for nuleon-nuleon
sattering in terms of many elementary satterings, whih easily generalizes to
nuleus-nuleus sattering. From there on, one uses stritly the rules of quan-
tum mehanis to obtain a multiple sattering approah for partile prodution.
The key ingredient is the fat that the ross setion is obtained from squaring
the amplitude, so one obtains partial ontributions as shown in g.5. In the
*
Figure 5: An interferene term in GRT.
example shown in the gure, we have a diagram with two inelasti interations
(symbolially shown as omb) interfering with the diagram with two inelasti
and one elasti sattering (symbolially shown as ladder). So we have lasses
of interfering ontributions, whih have to be summed up. Ignoring energy
onservation, one obtains a simple formula for the inelasti ross setion:
σinel(s) =
∫
d2b
∑
m
f(s, b)m
m!
e−f(s,b). (1)
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The funtion f is related to the inlusive ross setion as
f(s, b) = σincl(s)A(b), (2)
with some funtion A representing the impat parameter dependene. The
equations (1, 2) provide the link between the parton model and GRT: sine the
parton model only provides inlusive ross setions, one uses these formulas to
introdue multiple sattering. Or one may say it the other way round: GRT
models introdue hard sattering via inlusive ross setions alulated in the
parton model.
Models based on the Gribov-Regge approah are QGS [4℄, DPM [5, 6℄,
VENUS [7℄.
4.5 String Fusion
Colliding heavy nulei at very high energies will produe a large number of
strings, whih an ertainly not be onsidered ompletely independent as in
standard GRT. A phenomenologial approah onsists of onsidering string fu-
sion, whenever pairs of strings are oming lose to eah other [8℄. Fused strings
are assumed to behave like ordinary strings simply with a inreased string ten-
sion. This will, for example, lead to an enhaned prodution of multi-strange
partiles.
4.6 Nulear Shadowing
There exists also a formally well dened treatment of high density eets via
the so-alled enhaned diagrams, whih amounts to a generalization of the ba-
si Gribov-Regge theory by taking into aount Pomeron-Pomeron interations.
This is responsible not only for nulear shadowing, but also for dirative sat-
tering in pp but also in deep inelasti sattering. In fat it is very important
to have a onsistent piture of pp and DIS, in general and in partiular for
dirative sattering [9℄. The latter one reveals a redution of the Pomeron
ux ompared to a naive expetation from GRT, whih then leads to a redued
sreening. To say it dierently, one has to go beyond simple lowest order en-
haned diagrams (triple Pomerons).
4.7 Proper Energy Sharing in GRT
Although GRT is a useful starting point to desribe high energy hadroni and
nulear sattering, there are serious drawbaks. As pointed out in [10℄, GRT is
laking a onsistent piture for the alulation of the ross setion formulas and
for partile prodution. The problem is the energy sharing between the indi-
vidual satterings. Doing this properly makes the approah onsiderably more
ompliated, and therefore the standard approah is to ignore energy sharing at
this level, and onsidering it later when it omes to partile prodution. This
is learly not onsistent, and in fat the error due to negleting the energy
sharing is quite large: the width for the distribution of the number of multiple
7
satterings is roughly doubled when energy onservation is ignored. This an
be ompensated by making a seond mistake whih amounts to ignoring the in-
rease of multipliity utuations due to utting enhaned diagrams properly. A
new model neXus has been proposed reently[10℄, where energy onservation
is treated properly on all levels. In addition, lowest order enhaned diagrams
are onsidered. Soft and hard sattering is treated suh that there is a smooth
transition between the two regimes, and in partiular a dependene on some
transverse momentum uto p0 an be avoided.
5 Pre-Equilibrium
The partons reated in the primary interations are ertainly far from equi-
librium, and is desirable to understand mirosopially the equilibration of the
system, in other words the formation of a quark gluon plasma. This is a diult
task, sine for example at RHIC energies there is still a large soft omponent.
Nevertheless it is useful to study the evolution of partoni systems based on
pQCD, ignoring soft physis.
5.1 Parton asade
A parton asade amounts to onsidering partons as lassial partiles whih
move on straight line trajetories, where binary interations are dened via
parton-parton ross setions alulated in the framework of perturbative QCD
[11℄.
One has to arefully regard the range of validity of this approah: it is not
meant to treat the primary interations, where quantum mehanial interferene
should play a ruial role, so one may start the alulation one a system of
inoherent lassial partons have been established. On the other end, one should
not streth the perturbative treatment too far: perturbative alulations require
large momentum transfer whih is not any more guaranteed if the interation
energy is getting too low.
A parton asade is often referred to as the solution of a Boltzmann equation.
In this ase one has to work with test partiles rather than real partiles and one
has to make sure that the number of test partiles is suient to really provide a
solution of the equation [12℄ (whih is in aordane with the OSCAR priniple
ode = solution of equation). It turns out that the number of test partiles has
to be muh larger than the number of real partiles, whih prevents a asade of
real partons to be onsidered as a solution of a Boltzmann equation. Other than
this partile subdivision test other tests like box tests should be performed
to make sure than a asade algorithm solves really a transport equation.
5.2 Parton equilibration
There are also analytial approahes attempting to understand parton equili-
bration [13℄. Starting from a parton density given by the parton model with
8
some uto p0, one alulated the evolution of the system based on a transport
equation of the type
p∂f = −
pu
τ
(f − feq),
with τ being the relaxation time, whih is given as τ = 1/σn, with σ being the
in-medium ross setion, and n the parton density. Comparing RHIC and LHC
results, the density will be of ourse bigger for LHC, and in both ases dereasing
with time. Due to the larger sreening, the ross setion will be smaller for LHC
ompared to RHIC, and in both ases inreasing with time. Taking all together
one obtains the time dependene of the relaxation time whih peaks around 1.5
fm, with the LHC value being somewhat bigger than the RHIC one. One nds
a free streaming up to around 1.5 fm, then the equilibration starts.
5.3 Parton Energy Loss
Partons reated in hard primary interations will lose energy when traversing
matter, the latter one being projetile or target nulei or quark matter [14, 15℄.
The formulas for the energy loss obtained so far where obtained in the limit of
either large or small system sizes (L). New developments have been reported
[16℄, whih allow a alulation of the energy loss for arbitrary L, by using a
systemati expansion in opaity (L/λ), where λ is the mean free path of the
parton. It turns out that the expansion onverges rapidly, with the seond
order already being a very small orretion ompared to the rst order one.
6 Equilibrium and Post-Equilibrium
We are now disussing the nal stage of the ollision, onsisting of QGP phase,
the hadron gas phase, and the very nal stage where the hadrons still interat,
but they do not form an equilibrated system any more. We do not treat these
three stages individually, beause the models to be disussed latter treat usually
more than just one stage.
6.1 Hydrodynamis
The nal aim of all the eorts in the eld of ultra-relativisti heavy ion olli-
sions is the reation of a thermalized system of quarks and gluons. Provided
suh an equilibrium has been established, one may use hydrodynamis, whih
is a marosopi approah based on energy-momentum onservation and loal
thermal equilibrium. Hydrodynamial alulations have been used sine a long
time, either assuming partiular symmetries and using analytial methods [17℄,
or full 3-dimensional alulations numerial alulations [18℄. Reently a new
tehnique has been proposed, the so-alled smoothed partile hydrodynamis
[19℄, where elds ρ(x) are represented by partiles as ρP (x) =
∑
b νbδ(x − xb),
9
and then smoothed:
ρ(x)→ ρSP (x) =
∫
ρP (x)W (x − x
′)dx′ =
∑
b
νbW (x− xb),
with some smoothing kernel W . The advantage is that the hydrodynamial
equations are transformed into a system of ordinary dierential equations, whih
an be solved by applying standard methods. In this way one may perform 3-
dimensional alulations muh faster than with traditional methods.
6.2 Hadronization
There are several attempts to treat at least the region around the phase tran-
sition in a mirosopi way. A possibility is to apply transport theory based
on the NJL model [20℄, whih is an eetive theory with a point-like inter-
ation between two quarks (gluons are not onsidered expliitly). The model
allows also for hadron prodution like quark plus anti-quark goes into meson
plus meson. The dynamis is ruially aeted by the density and temperature
dependene of quark and hadron masses, one observes for example the formation
of droplets of quark matter rather than homogeneous matter of lower density,
sine the latter one would imply higher quark masses.
A ompletely dierent hadronization senario has been proposed based on
the onnement mehanism [21℄, again ignoring gluons. Quarks are onsid-
ered to be lassial partiles, their dynamis being determined by a lassial
Hamiltonian. The latter one ontains a string potential and olor fators whih
fore the quarks to form resonanes, whih subsequently deay into hadrons.
Another alternative approah is the hadronization via oalesene [22℄.
Again, starting from a quark-anti-quark plasma, hadroni resonanes are formed
based on oalesene, with a subsequent deay into hadrons.
6.3 Hadroni Transport Theory
One a purely hadroni system has been established, a mirosopi treatment
based on binary hadroni interations is feasible. Here, hadrons propagate on
lassial trajetories and interat aording to hadron-hadron sattering ross
setions. If possible, parameterizations of measured ross setions are used.
A ouple of models have been onstruted along these lines, like UrQMD [23,
24℄, ART [25℄, JAM [26℄. Unfortunately, not all the neessary ross setions
have been measured to a suient preision, and orrespondingly the above-
mentioned approahes dier by using dierent model assumptions for the ross
setions. We emphasize again that hadroni transport odes are a useful tool to
treat the nal stage of a heavy ion ollision, but not for the primary interation.
7 Outlook
Historially, most models have been rst developed for a ertain aspet of the
ollision, and have later been extended to inlude more and more features in
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order to give a omplete desription of the ollision. This is not a good way to
proeed, sine in this way the models have strong parts and weak parts, and
the whole approah is not very reliable. A better way is to onsider moduls
, desribing just one aspet of the ollision in the most realisti fashion, and
ombine suh moduls. Examples, whih have been disussed at the OSCAR3
workshop, are a ombination of hydrodynamis and a hadroni asade (hy-
dro+UrQMD [27℄) or a ombination of a primary interation model and hydro-
dynamis (neXus+SPheRIO[19℄).
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